This study aims at deepening the understanding of wake-induced bypass transition process of a flat-plate boundary layer using two types of wake generating objects, which are small spheres and thin wires. Main focus is on emergence of isolated turbulent spots from the influence of the wake passage over the boundary layer. Precursors of the wake-induced turbulent spot, which have not been observed in an explicit manner in any other previous studies, are also of concern in this study. It is expected that wakes from the wires are so weak that an isolated turbulent spot may be induced by the wire wake, while the position of the spot emergence varies randomly along the wire. A multi-channel sensor with 7 hot-wire probes acquires the velocity data of the flow over the flat plate subjected to the wake passage. These velocity data reveal the spot shape and spot generation rate. In addition, the existence of Klebanoff mode in this wake-affected boundary layer is examined.
INTRODUCTION
In turbomachines, FST (free-stream turbulence)-induced and wake-induced bypass transition are two major modes of boundary layer transition on the blade surface. Since establishment of prediction methods as well as control methods of these bypass transitions will revolutionize the way of turbomachine designing, plenty of experimental and numerical works have been made on the bypass transition, especially during the last decade 1, 2, 3 .
Thanks to well-organized experiments (for example, 4 ), analytical analyses 5 and numerical simulations using DNS 6 , understanding of FST-induced bypass transition mechanism is being deepened. What we have learned about FST-induced bypass transition is the important role of streaks created inside the boundary layer subjected to FTS. The streaks are in effect identical to so-called Klebanoff modes 7 . It is also becoming a widely accepted idea that instability of the streaks ends up with the generation of turbulent spots, although DNS by Jacobs and Durbin 6 could not find out any clear evidence for the streak instability leading to any turbulent spot emergence. On the other hand, as for wake-induced bypass transition, numerical approaches using DNS done by Wu et al. and Wu and Durbin 8, 9, 10 have successfully presented comprehensive information on the wake-induced transition, however, relatively little experimental information is available on the whole transition process of the wake-affected boundary, ranging from receptive phase to external disturbances up to the creation of turbulent spots via appearance of precursors, if any.
To make a better understanding of the mechanism of wake-induced bypass transition, it is necessary to increase our knowledge on wake-induced turbulent spots. In most of the previous studies dealing with the wake-induced boundary layer transition, wakes from moving bars were frequently used to emulate incoming wakes from upstream vanes or blades in turbomachines. The drawback of the usage of bars the present authors previously experienced was the difficulty in separating an isolated turbulent spot from the preceding wake or in extracting a whole picture of a wake-induced turbulent spot with less interference of neighboring turbulent spots, because of intense wakes from the bars. This made the observer almost impossible to grasp growth process, structure and geometrical characteristics of a single turbulent spot induced by the bar wake.
To overcome this problem, Funazaki et al. 11 developed a new type of wake generator using small spheres on very thin strings. The wakes from the moving spheres locally interacted with the boundary layer on a flat plate, eventually creating an isolated turbulent spot in a periodic manner. Recently, the present authors modified the wake generator so that the evolutional behavior of the sphere-wake-induced turbulent spots on the flat plate was clearly observed 12 . It was found that the sphere wakes successfully created a series of isolated turbulent spots and each of the turbulent spots had a feature of Emmons turbulent spot 13 with an arrowhead-like shape pointing downstream. Elongated flow structure like "puff" 6 was also observed prior to the emergence of the turbulent spot. These studies therefore have revealed that turbulent spots created by external disturbances such as incoming sphere wakes resembled those induced by rather conventional ways such as wall injection. However, this finding seemed to contradict the DNS results by Wu et al. 8 in terms of the shape of the turbulent spot. Wu et al. calculated the interaction between a flat-plate boundary layer and periodic wakes shed from moving bars, showing that the periodic wake passage over the boundary layer induced turbulent spots with arrowhead-like shape pointing upstream. Prior to this finding, the liquid-crystal visualization by Kittichaikarn et al. 14 discovered turbulent spots that looked like those Wu et al, reported, although the spots observed were rather elongated in the flow direction compared with the conventional Emmons spot. One possible reason for the discrepancy between the experiment using the sphere and the DNS was the difference in wake generating object (abbreviated by WGO) between the two cases. This has motivated the initiation of another experiment using bars as WGO. However, the lessons learned through the previous studies necessitate the usage of bars with small diameter.
This study then employs wires, in conjunction with spheres, to generate wakes to trigger boundary layer bypass transition on a flat plate, focusing on emergence of isolated turbulent spots. Precursors of the wake-induced turbulent spot, which have not been observed in an explicit manner in any other previous studies, are also of concern in this study. It is expected that wakes from the thin wires are so weak that an isolated turbulent spot may be induced by the wire wake, while the position of the spot emergence varies randomly along the wire. A multi-channel sensor with 7 hot-wire probes acquires the velocity data of the flow over the flat plate subjected to the wake passage. These velocity data reveal the spot shape and spot generation rate. In addition, an attempt is made to examine whether any phenomena similar to streaks, in other words, Klebanoff modes appear in the wake-affected boundary layer. This attempt is also important because any information related to the existence of Klebanoff modes in the wake-induced transition contributes to better understanding of the transition process as well as to the development of bypass-transition model. Effects of so-called negative jet, which could be regarded as relative motion of the fluid inside the wake, are also examined by alternating the direction of WGO movement. 
NOMENCLATURE

EXPERIMENTAL SETUP
Test Model
This section provides a brief description on the test apparatus used in this study, including test model and wake generator. The readers who may have some interest in detail of the apparatus are kindly requested to refer to the study done by Funazaki et al. 11 12 . Figure 1 shows the test apparatus used in this study, including the wake generator enclosed in a dashed box. The test model was a sharp-edged acrylic-acid resin flat plate of 860 mm length and 460 mm width. The test duct, which contained the test model, was inserted into the transition duct keeping about 10 mm clearance between the test and the transition ducts. The test model was inclined by 0.5 deg in order to avoid leading edge separation. This inclination, along with the screen attached to the exit of the test duct and the curved wall under the model, turned out to be very useful to eliminate the leading edge separation.
Wake Generator
The present wake generator was completely redesigned from the previous version 11 so as to reduce the number of the pillar bars as many as possible. This was because the pillar bar wake was overwhelmingly wide and intense in comparison with the sphere wake or thin wire wake so that the bar wake overshadowed the influence of the sphere wake or thin wire wake. The wake generator shown in Figure 1 consisted of a disk, two pillar bars and two arrowhead-like attachments fixed on top of the ends of the pillar bars. The diameter of the pillar bar was 10 mm. As mentioned in the above, this study employed small spheres and wires as wake-generating object, abbreviated to WGO in the following. Each of these two types of WGOs was equipped in the wake generator. Detailed description about both of them appears in the following. Figure 2 (a) displays the wake-generator that contained two small spheres. Very thin string of 0.1 mm diameter, which was a fishing line made of fluorocarbon, was tightly tied around the wake generator, connecting an arm of one attachment with the counterpart of the other attachment. Two small spheres, whose diameters ( d s ) were 5 mm and 3 mm, were glued on the middle of the string segments. Careful adjustment determined the position of the shaft axis of the wake generator from the ground so that the tangent of the sphere trajectory became orthogonal to the surface of the test model when the sphere passed just upstream of the test model. Each of the spheres was therefore able to generate the wake that would hit the test model surface vertically viewed from the rear end of the test duct while the disk rotated. The locus of the sphere was located 180 mm upstream of the leading edge of the test model.
Some comments can be made on the material of the very thin string. In the previous study 11 , a hard drawn steel wire or so-called piano wire was used in the wake generator. Although piano wire could withstand large static tensile stress, it was too brittle to hold under dynamic tensile stress that often happened in the starting up or stopping of the wake generator. This study then employed a fluorocarbon fishing string because it could withstand large dynamic tensile. The drawback associated with this fluorocarbon string, however, was its elasticity. Since the wire was easy to bend due to the centrifugal force acting on the sphere, the radius of the sphere trajectory circle was determined taking account of the outward shift of the sphere.
Figure 2(b) shows the wake generator using two wires as WGO. The wires were made of brass, and the diameters ( d w ) were 1 mm and 0.8 mm. One end of the brass wire was fixed on the middle of the fluorocarbon wire in the wake generator, and the other end was securely tied to a hook on the rim of the disk. In this case, due to its elasticity, the fluorocarbon string was slightly bent as shown in Figure 2 (b). It is evident that the brass wire was not long enough to cover the entire span. As a result, the boundary layer measurement had to be made on the left side of the test model.
Several preceding studies such as Funazaki et al. 15 or Kittichaikarn et al. 14 have revealed that the change in the disk rotation direction brought about two types of interactions between the wakes from WGOs and the test model. One type is referred in this paper to as 'normal rotation case', where the WGO moves downwards leaving behind the wake that impinges the test model surface of interest. The other type is referred to as 'reverse rotation mode', where the WGO moves upwards creating the wake that appears to suck the fluid from the surface. Roughly speaking, the normal rotation case is expected to emulate the wake-boundary layer interaction on the suction side of a turbine blade to some extent, while the reverse rotation case seems to reproduce the interaction on the suction side of a compressor blade. What was aimed at in the measurements under the normal and reverse rotation cases was to clarify any role of so-called negative jet, which could be regarded as relative motion of the fluid inside the passing wake over the flat plate, in the wake-induced transition process. Figure 3 shows the multi-channel sensor used for the boundary layer measurement in this study. This sensor consisted of seven active hot-wire probes (Dantec 55P11, 5 µ m wire diameter and 1.9 mm probe body diameter) and two dummy probes outside of the active-probe zone. All probes, inclined by 60 deg from the stem of the sensor, were attached to a slim horizontal bar with equal spacing. The probe spacing was set to be 5 mm and 10 mm, depending on the spanwise extent of a turbulent spot to be measured. Great care was also paid to the horizontal alignment of the sensing parts of the probes. This alignment was first visually checked, then confirmed by comparing all output from the probes placed in a laminar boundary layer.
Instrumentation
Inlet velocity was measured by a Pitot tube in the middle of the test duct with its sensing head located just downstream of the leading edge of the test model. Each of the probes in the multi-channel sensor was in-situ calibrated. The relationship between the output and the velocity was approximated by a 4-th order polynomial.
Data Acquisition and Processing
A signal from the optical tachometer simultaneously initiated acquisition of the output from each of the hot-wire probes with 50 kHz sampling frequency and 14 bit resolution. The acquired data were then converted to digital data by a high-speed A/D converter. Each of the realizations from the k-th probe in the sensor was comprised of 8192 words digitized data, and the total number of the realizations, N , was 100. Ensemble-averaged velocity and turbulence intensity were calculated from these data, respectively, as follows;
where U e 
Test Conditions
Inlet velocity was 13.5 m/s throughout the experiment, and inlet free-stream turbulence level was about 0.5%. The disk rotational speed was 450 rpm, resulting in the sphere moving velocity was 18.8 m/s. Reynolds number based on the sphere diameter, and the relative velocity was then about 7700. Since the previous study by Funazaki et al. 11 showed that Strouhal number of the periodic vortex shedding from the sphere was about 0.14, the vortex shedding frequency could be estimated to be about 4.6 kHz. On the other hand, the thin brass wire moved about 18 m/s near its tip section. Supposed that Strouhal number for this case was 0.2, the vortex shedding frequency could be about 3.6 kHz.
The measurement zone extended streamwisely from x = 25 mm to x = 345 mm, where x was the surface distance from the leading edge of the test model. The rear end of this zone was determined to assure the capturing of the sphere-wake-induced turbulent spots without severe influence
Uncertainty Analysis
Uncertainty in the velocity measured by the hot-wire probe was evaluated on a basis of the guidance proposed by Yavuzkurt 16 . Uncertainty in the velocity data originated mostly from the calibration procedure of the hot-wire probes in the multi-channel sensor. Since the reference velocity for the probe calibration was measured by the Pitot tube that was connected to a pressure transducer with the precision of 0.4 Pa, it was found that the uncertainty of the instantaneous velocity was about 5% for x = 100 mm and y = 1 mm, for example. Figure 4 exhibits velocity profiles of the steady-state boundary layer measured at three streamwise locations by use of the multi-channel sensor, all profiles being compared with the corresponding Blasius solution for the laminar boundary layer. Note that the laminar boundary layer in this case was assumed to start from 20 mm downstream of the leading edge of the test model in consideration of the model inclination as well as air suction exerted below the model. The measured velocity profiles tended to follow the exact solutions, with some discrepancy, though. Comparisons of all velocity profiles acquired with the probes from ch 1 to ch 7 have proven that the all probes provided almost the same value in velocity near the edge of the laminar boundary layer, while slight variation was also observed among the measured data inside the boundary layer. At this moment nothing is clearly understood about the reason for this disagreement.
STEADY-STATE MEASUREMENTS
Displacement thickness ( δ 1 ) and momentum thickness ( δ 2 ) for this steady-state boundary layer appear in Figure 5 . As expected from the velocity profiles, the displacement thickness given by the Blasius solution exceeded the measured one, whereas the difference in the momentum thickness between the exact solution and the measurement was much smaller than that in the displacement thickness.
WAKE-BOUNDARY LAYER INTERACTION
Sphere Wake Case
Sequential Snapshots of the Interaction Figure 6 shows sequential snapshots of the interactions between the moving sphere wakes and the flat plate boundary layer for the normal rotation case in terns of ensemble-averaged turbulence intensity. Note that the velocity data here were from the center probe in the multi-channel sensor. This figure separately depicts the growth processes of the two types of turbulent spots created by the wakes from the spheres of d s = 5 mm and d s = 3 mm. These snapshots clearly illustrate the onset of highly turbulent region beneath the sphere wake and its development towards the downstream. Each of the bottom snapshots for d s = 5 mm and d s = 3 mm indicates that the highly turbulent grew up to become a well-developed turbulent spot with some typical features as the turbulent spot, such as overhang at the leading edge of the turbulent spot. Besides, it is evident that the effect of the sphere diameter was reflected in the size and turbulent intensity value of the turbulent spot, however, the basic structure of the turbulent spot appears to be almost independent of the sphere diameter. Figure 7 also demonstrates the interactions between the sphere wakes and the boundary layer for the reverse rotation case. Before the appearance of the sphere-induced highly turbulent zone, there occurred a small zone of high turbulence due to the connecting thin string on which the sphere was glued. Fortunately, the effect of the string was rather weak and did not make a serious contribution to the transition process. As a result, isolated sphere-induced turbulent spot were created for d s = 5 mm and d s = 3 mm in a manner quite similar to the normal rotation case. One may also wonder whether the bar wake had any influence upon the emergence and the development of the following turbulent spot induced by the sphere or by the thin wire. As far as the authors' inspection could cover, no significant influence of the bar wake was observed, at least for the early stage of the transition.
Transition Process on Space-Time Domain
The above-mentioned transition processes triggered by the passage of the sphere wakes were reexamined on the space ( x ) -time domain, as shown in Figure 8 for the normal rotation and in Figure 9 for the reverse rotation. Figure 8 , as well as Figure 9 , consists of three expressions of ensemble-averaged turbulent intensity contours of equal to or more than 4% measured at three positions from the test surface, y = 0.3 mm, = 1.0 mm and = 2.2 mm. Each of the contour expressions in Figure 8 contains the influences of bar wake, 5 mm-and 3 mm-sphere wakes. The bar wake was so strong in terms of its duration and intensity that turbulent spots were very likely to occur just after the arrival of the bar wake.
The contours of the 5 mm-sphere wake on the layer of y = 0.3 mm exhibited wedge-like enlargement starting from x = 120 mm, where Reynolds number based on the momentum thickness was about 200. This position can be regarded as transition onset and matches the finding in the previous study 11 . Propagation speeds of the leading and trailing edges of the turbulent spot was estimated to be 81% and 53% of the free-stream velocity, respectively, each of which is a typical value as turbulent spot propagation speed. The contours of the 3 mm-sphere wake were not evident on the layer of y = 0.3 mm. In contrast, the contours on the layer of y = 1.0 mm clearly indicated the appearance of sphere-wake-induced turbulent spot whose propagation speeds at the leading and trailing edges were found to be 79% and 44% of the free-stream velocity. This noticeable difference may be attributed to the sensitivity of the laminar boundary layer to some external disturbances, or to Klebanoff-mode-like reaction of the boundary layer. Figure 9 also shows contours of ensemble-averaged turbulence intensity obtained on the three measurement layers for the reverse rotation case. Interestingly, transitional behaviors associated with the sphere wakes resembled those of the normal rotation case, whereas high turbulence regions due to the bar wake differed from the counterparts in Figure 8 with respect to the duration or transition onset that could be roughly deter-mined from the location where the wedge-like enlargement happened.
Wire Wake Case
Transition Process on Space-Time Domain Figures 10 and 11 illustrate the interactions between the wire wakes and the boundary layer for the normal and reverse rotation cases, respectively. Two types of the wake-generating wires, whose diameters were 1.0 mm and 0.8 mm, were employed. Again, all contours with the ensemble-averaged turbulence intensity equal to or greater than 4% were drawn on the three layers of the measurement. There arose non-smooth contours in these figures due to less number of the streamwise measurement locations. Keep in mind that, as shown later, the spot or its precursor-like flow phenomena stochastically appeared in the boundary layer. Therefore, unlike the case of the sphere wakes, the region with high ensemble-averaged turbulence intensity on the space-time domain does not necessarily correspond to any entity such as an isolated turbulent spot. Even so, the contours in Figures 10 and 11 can provide important information not only on the level of impact due to the wake interaction with the laminar boundary layer, but also on the possibility of the emergence of wake-induced turbulent spot or its precursor.
At least the following two major phenomena can be pointed out from the comparison between the two figures.
(1) Difference between the normal and reverse rotations The first point is the difference in wake-induced transition process between the normal and reverse rotation cases. Regardless of the type of WGO, i.e., bar or thin wire, the wakes in the normal rotation case appeared to induce earlier transition of the boundary layer than that in the reverse rotation case. Not to mention the bar wakes, Figure 10 clearly contains wedge-shaped traces associated with the wire wakes on the space-time diagrams. However, there are no clues showing the existence of the wire wake passage in this figure. Since the turbulence intensity inside these wedges gradually increased along with the growth of the wedge-shaped regions, in particular for 1.0 mm wire case, this wedge-like zone was probably a developing or premature turbulent spot. In contrast, Figure 11 only depicts the bar wake traces on the diagrams and almost no indication of the wire wake effects emerged. Of course, when decreasing the threshold of the contouring for the ensemble-averaged turbulence intensity from 4% to 2%, one may identify the traces or footprints of the wire wakes near or apart from the surface as shown in Figure 12 . Nevertheless, the level of the turbulence intensity inside the traces for the reverse rotation case remained almost unchanged or rather exhibited slight decrease towards the downstream.
(2) Relation with Klabanoff mode For the normal rotation case, it appears that the reaction of the boundary layer to the wire wake actively happened at the location slightly distanced from the surface, y = 1.0 mm. In order to make a further discussion on this point, time-averaged values of the ensemble-averaged turbulence intensity were calculated, with an inspiration that the above-mentioned phenomenon might have had any relation with the Klebanoff mode. It should be noted that the time-averaging of the ensemble-averaged quantity was made over the time-period that contained neither the bar wake nor the bar-wake-induced turbulence spots. Figure 13 shows time-averaged turbulence intensity profiles measured at 7 streamwise locations for the normal rotation (top in this figure) and reverse rotation (bottom in this figure) cases, where the abscissa is the turbulence intensity in percentile and the ordinate is the distance from the surface normalized with the local displacement thickness. Quite interestingly, for the normal rotation case, each of the profiles acquired before x = 200 mm peaked around y δ 1 = 1.3, which was marked by the horizontal solid line. The position y δ 1 = 1.3 is known to be where fluctuation of the streamwise velocity component reached the peak in amplitude inside the laminar boundary layer subjected to free-stream turbulence 17, 18, 19 . Therefore, one might think that the wire wake for the normal rotation case induced streak-like flow events inside the boundary layer like the free-stream turbulence. However, Wu et al. 8 claimed that long streaks did not occur in the wake-induced transition and shorter puffs were observed instead. Irrespective of what actually happened through the wake-boundary layer interaction, it is quite likely that some elongated flow structure arose inside the boundary layer prior to the emergence of turbulence spot. After x = 200 mm, the turbulence intensity profiles tended to become peaked below y δ 1 = 1.3, indicating progression of the transition.
Similarly, it seems that the turbulence intensity profiles for the reverse rotation case reached their peaks around y δ 1 = 1.3, however, the growth rate of the turbulence intensity towards the downstream was very low, showing no indication of transition onset. Figure 14 shows several examples of the instantaneous velocity signals obtained at x = 145 mm, 195 mm, 245mm, 295 mm and 345 mm for the normal rotation case, while y = 1 mm. The abscissa of each of the figures is elapsed time from the data acquisition. Therefore, one flow event preceding the others relatively locates downstream. The velocity fluctuations in the signals, acquired by the 7 probes in the sensor, were due to not only the wire wakes from 1mm and 0.8 mm wires but also the intense bar wakes. For the locations from x = 145 mm to x = 295 mm, three out of a hundred velocity data are arbitrarily selected and displayed here. In this case, the spacing between two neighboring probes was 10 mm, meaning that the sensor covered the area with 60 mm spanwise extent.
Instantaneous Velocity
The instantaneous velocity data at x = 145 mm indicate that the wakes from the thin wires randomly created various types of the velocity fluctuations in the boundary layer at the same streamwise position but at different spanwise positions or at different instances. The velocity fluctuations due to the wire wake passage took shape of, for example, dip, sinusoidal wave, hill and so on. Towards the downstream these fluctuations tended to grow in terms of duration and amplitude, gradually having been accompanied by spikes or random fluctuations. In this sense, some of those velocity fluctuations can be considered precursors of the turbulent spots, although detail information on the precursor structure still remains unknown. The rate of the appearance of such random and highly fluctuating flow events, which may be a breakdown of streak-like flow structure or an isolated turbulent spot regardless of its maturity, in-creased with x . Figure 15 shows streamwise variations of counts of the velocity files that contained any types of those spot-like flow events in the instantaneous velocity data. The counts were determined from thorough inspection of all velocity records (a hundred in number) at three heightwise positions. The spot-like flow events appear to increase in number abruptly from x = 245 mm.
Additional Discussion This study has visibly confirmed the difference between the two rotation modes of the wake generator in terms of the impact of the wire wake upon the laminar boundary layer. Rationale for this noticeable difference could be attributed to the negative jet, which was first pointed out by Funazaki et al. 20 and revisited by Wu et al. 8 .
As mentioned earlier, one of the objectives in the study is to confirm the possibility of the occurrence of turbulent spots that take shape of arrowhead pointing upstream. So far as the survey of the instantaneous velocity data such as those in Figure  14 could cover, however, there was no hard evidence for the existence of the turbulent spot pointing upstream. In fact, what the detailed survey of the data discovered was the turbulent spots similar to those shown in Figure 16 . This figure illustrates enlarged images of turbulent spots captured in the signals at x = 345 mm and y = 1.4 mm. Small circles in Figure 16 roughly indicated the positions at which the intense velocity fluctuations started. By connecting these circles with broken lines, three out of the four velocity data ((b) -(d)) were found to contain intense velocity fluctuation zones that could be profiled with the shape of arrowhead pointing downstream. Since the convective speed on the plane of y = 1.4 mm was about 76% of the free-stream velocity at x = 345 mm, in consideration of the probe spacing, i.e., 10 mm, the semi-apex angle of the turbulent spot was estimated from the slope of the broken lines to be 13.6 deg. This value almost matched the value of 15.3 deg, which was obtained by Schubauer and Klebanoff [21] .
In conclusion, it seems that the scenario for bypass transition based on the numerical efforts by Wu et al. works to some extent in explaining some experimental findings for the wire wake case, such as negative jet effect or possible occurrence of streak-like structure in the laminar boundary layer. However, it hardly happened that turbulent spots induced by the wakes from the wires, which were regarded as one type of wake-generating bars, took the arrowhead shapes pointing upstream.
CONCLUSIONS
This study was intended to deepen the understanding of wake-induced bypass transition process of a flat-plate boundary layer using two types of wake generating objects, which were small spheres and thin wires. Information available from this study was enriched by switching the direction of rotation of the wake generator so as to create two types of wake-boundary layer interactions, so called normal and reverse rotation. The important findings attained in this study are summarized as follows.
(1) Periodic wakes from the moving spheres induced isolated turbulent spots. There was no significant difference between those induced turbulent spots for the normal and reverse rotation cases. (2) The wires adopted in this study worked as WGO only when the wires moved in the normal rotation mode. (3) In the case of using the wire as WGO, there appeared Klebanoff-mode-like profiles of time-averaged turbulence intensity having their peaks around y δ 1 = 1.3, regardless of the mode of the wire movement. This implies that some elongated flow structure happened inside the laminar boundary layer in response to the wire wake passage. (4) So far as the data survey could cover, turbulent spots induced by the wire wakes scarcely took arrowhead shapes pointing upstream.
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